Background
==========

Caries are an oral disease with the highest incidence in human beings \[[@b1-anntransplant-25-e924272],[@b2-anntransplant-25-e924272]\]. Serious defects in teeth and dentition caused by caries greatly damage the general health of patients, and even their mental health \[[@b3-anntransplant-25-e924272]\]. Zirconium (Zr), as a second-row transition metal, was first isolated in 824 and many organometallic or inorganic complexes of Zr have been discovered to date. Zr is characterized by mechanical strength, higher transparency to thermal neutrons, resistance against corrosion, and has been widely applied in surgical tools, dye pigments, lamp filaments, and ceramics \[[@b4-anntransplant-25-e924272]\]. Many materials contain Zr, which inevitably enter the environment, drinking water, and living organisms. Zr salts or complexes demonstrate high reactivity to the phosphodiester cleavage of the backbones for nucleic acid in weak acid or homogeneous solutions \[[@b5-anntransplant-25-e924272]\].

Zirconia is one of the most widely used and transplanted ceramic materials in treatment of caries \[[@b6-anntransplant-25-e924272]\]. It is also extensively used in manufacture of full crown, root pin, multiunit fixed bridge base crown, implants, and other restorations \[[@b7-anntransplant-25-e924272]\]. However, zirconia's composition makes it difficult to form sufficient mechanical and chemical adhesion between resin and zirconia ceramics \[[@b8-anntransplant-25-e924272],[@b9-anntransplant-25-e924272]\]. In the dental microenvironment, which is influenced by complex factors, zirconia ceramic restorations are prone to complications such as reduction of retention force, loss of restorations, microleakage of bonding interface, and secondary caries of abutment teeth. The failure rate for 5-year bonding repair is 4.7 to 8.3 times that for glass matrix ceramic restoration \[[@b10-anntransplant-25-e924272],[@b11-anntransplant-25-e924272]\]. Therefore, to improve the mechanical-chemical bonding strength of a zirconia-ceramic resin bonding interface, it is key to improve the clinical bonding effect of zirconia ceramic restorations and promote success with aesthetic restoration of dental caries.

Currently, research onsurface modification of zirconia ceramics mainly focuses on increasing surface roughness of zirconia ceramics by mechanical coarsening or chemical coating, both of which play a role in chemical activation. Although the bonding strength of zirconia ceramic resin has improved to a certain extent, the surface modification effect of zirconia is also unstable \[[@b1-anntransplant-25-e924272],[@b12-anntransplant-25-e924272]\]. Moreover, there are also some problems with zirconia ceramic, such as reduction intif mechanical strength and lack of obvious or lasting chemical activation effects \[[@b1-anntransplant-25-e924272],[@b12-anntransplant-25-e924272]\]. New technologies and theories are constantly changing the concept of surface modification of materials.

Given the issues with the structural characteristics and physical and chemical properties of zirconia ceramics, a high-strength inorganic non-metallic material has been investigated as an alternative. Use of the surface coating with this material has gradually expands to encompass biomimetic and functional dentistry. In recent years, biomimetic surface modification has been become a hot field, with the technology simulating the gecko sucker and other biological structures. Furthermore, the three-dimensional nanostructure coating with super adhesion has been successfully synthesized and constructed. Zirconia ceramic has been extensively used in regeneration of detal tissue, based on the biomimetic theory \[[@b13-anntransplant-25-e924272],[@b14-anntransplant-25-e924272]\].

The three-dimensional (3D) structure of dental tissue also promotes adhesion \[[@b15-anntransplant-25-e924272]\]. A demineralized enamel column "honeycomb" array structure and collagen fiber mesh scaffold can be formed by etching the enamel and dentin, respectively. All of this provides 3D support for infiltration and inlay of resin on its surface, and significantly increase the contact area and chemical reaction binding site with resin. The 3D structure and resin bonding "mixed layer" also can be formed between the greases, resulting in considerable bonding strength considerable and stability \[[@b16-anntransplant-25-e924272]\].

Given the above bionic principles, if we could simulate the bonding mechanism of tooth tissue on the surface of zirconia ceramic and construct a bionic 3D scaffold structure, it would greatly improve the bonding effects of zirconia ceramic and resin, and provide a better bonding strategy for zirconia ceramic restoration. In view of the properties of zirconia ceramics, such as its high-strength inorganic non-metallic characteristics \[[@b17-anntransplant-25-e924272]\], this study simulated the bonding mechanism of enamel with the aim of synthesizing zirconium dioxide (ZrO~2~). ZrO~2~ has been proven effective for selective separation of anions from aqueous solutions, and ZrO~2-~coated magnetic particles have been applied to trap adsorbents for analysis of phosphopeptides \[[@b18-anntransplant-25-e924272],[@b19-anntransplant-25-e924272]\]. ZrO~2~ also has physical, photocatalystic, and chemical inertness; good mechanical properties; and electrical characteristics, all which make it suitable for application as a catalyst and photocatalyst \[[@b20-anntransplant-25-e924272]\]. Nanowire array film coating on the surface of zirconia, based on the construction of 3D array structures, simulates the "honeycomb" of a demineralized enamel column. A new biomimetic bonding strategy using zirconia ceramic with a "mixed layer" of zirconia ceramic resin bonding was constructed using the 3D nanoarray. This study may improve success rates with zirconia ceramic prosthetics in clinical bonding repair. Moreover, it may also provide new ideas for further applications for incorporation of zirconia ceramic in biomimetic materials used for applications such as craniomaxillofacial reconstruction, tissue regeneration, and remineralization.

Material and Methods
====================

Preparation of Zr micro-film by ion plating method
--------------------------------------------------

Preparation for the Zr micro-film was conducted as described in the previous study \[[@b21-anntransplant-25-e924272]\] with a few modifications. Briefly, before coating, the high temperature sintered- and sandpaper-polished Zirconia ceramic specimens were cleaned with the Ar-ion back sputtering, under vacuum conditions of 9×10^−4^ Pa for 5 min (Ar^+^, 99.99%, air pressure 3.0 Pa, flow rate 20 seem, power 50 W, bias 0.3 kV). Subsequently, the zirconia ceramic specimen with Zr film was subjected to continuous coating for 8 h, with ion plating parameters of background vacuum 2×10^−3^ Pa, coating temperature 200°C, working gas Ar, pressure of 0.8 Pa, voltage of 21 V and current 80 A.

Construction of nanotubes array by anodizing
--------------------------------------------

In this study, the ion-plated, Zr film-coated zirconia ceramic sheet was used as anode and a platinum sheet was used as a counter electrode. Construction of primary nanotubes was performed as described in previous studies \[[@b21-anntransplant-25-e924272],[@b22-anntransplant-25-e924272]\], with a few modifications. Electrode spacing was kept at 2 cm. In brief, the pure zirconium films on the substrates of zirconia ceramic were anodized in NH4F electrolytes (Sigma-Aldrich., St. Louis, Missouri, USA, 0.5 wt%) dissolved in glycerol (Sigma-Aldrich., 99 wt%) and a distilled-water solution mixture at ambient temperature. The zirconia ceramic plate coated with Zr film was anodized using a direct-current power supply (Model: E3641A, Agilent Tech., Palo-Alto, California, USA) for variable times, and 10 minutes and 60 minutes post-anodization in organic electrolyte under 30, 45, 60 V voltage and magnetic stirring. A film with primary ZrO~2~ nanoarray structure then was obtained. Subsequently, heat treatment was conducted with a furnace, with administration of argon gas at different temperatures (at 400, 600 and 800°C), for 4 h with the heating and cooling rates of 3°C/min. The final ZrO~2~ nanotube array then was obtained.

Photocatalytic properties of zirconia nanotubes
-----------------------------------------------

In this study, methyl orange solution was used as a photocatalytic degradation object. The nanotube on the surface of a ceramic chip prepared with a ZrO~2~ nanotube was scraped off (about 20 mg), and nanotube powder was used as the decolorization and degradation catalyst. Zirconia nanotubes were put into 30 mL of methyl orange solution with a concentration of 20 mg/L (adjusted pH 4.5), and dispersed by magnetic stirring and ultrasound. A 30-W ultraviolet germicidal lamp (illumination 0.37 klux) was used as an ultraviolet light source, and held perpendicular to and 20 cm above the solution. The reaction time was 8 hours, and a sample was taken every 30 minutes. Absorbance of methyl orange at 465 nm was measured using BioPhotometerplus UV-Vis photometer (Eppendorf, Hamburg, Germany). The standard curve of absorbance was calculated by linear regression of concentration and absorbance. Fitting formula: A=0.0686c+0.0026. Calculation formula of degradation rate: D=(c~0~--c)/c~0~×100%.

Characterization and screening of ZrO~2~ nano array films
---------------------------------------------------------

Elemental analysis and structural morphology for coatings were evaluated with a high-resolution FESEM device (Model: FEI-Quanta 200F) equipped with an energy dispersive x-ray analyzer and a transmission electron microscope (TEM, model: JEOL Tem2010, Agilent Tech., Palo-Alto, California, USA). Dimensions for layers were measured with the SEM imaging. X-ray diffraction (XRD) was measured using an Empyrean X-ray diffractometer (PANalytical, Netherland), as described in a previous study \[[@b21-anntransplant-25-e924272]\]. X-ray photo-electron spectroscopy was analyzed with a professional spectrometer (Model: VG-ESCALab II, VG Sci. Ltd., UK), with the Al Kα excitation-source.

Bonding processes and micro-shear bond strength test
----------------------------------------------------

Bonding procedures and a microshear bond strength test were conducted using the approach previously described by our team \[[@b23-anntransplant-25-e924272]\]. In this section, the specimen stored in the distilled water treatment for 3 days at 37°C was assigned as the immediate specimen. Therefore, the associated microshear bond strength in untreated Zr was defined as "UNT-3d" and in ZrO~2~ nanotubes coated Zr was defined as "ZrNT-3d". Correspondingly, the aging microshear bond strength in untreated Zr was defined as "UNT-aging" and in ZrO~2~ nanotubes coated Zr was defined as "ZrNT-aging".

Statistical analysis
--------------------

Data were presented as mean±SD and analyzed using SPSS software 20.0 (SPSS Inc., Chicago, Illinois, USA). The student's *t* test was used to analyze differences between two groups. P\<0.05 was defined as statistical significance.

Results
=======

SEM images undergoing different anodic oxidation duration
---------------------------------------------------------

For the primary surface of the Zr-coated substrate (before anodic oxidation), which is fairly flat, nanograins were accumulated atop the substrate ([Figure 1A](#f1-anntransplant-25-e924272){ref-type="fig"}). However, there were obvious variations in morphology of ZrO~2~-coated substrate surface after anodic oxidation treatment ([Figure 1B, 1C](#f1-anntransplant-25-e924272){ref-type="fig"}). [Figure 1B](#f1-anntransplant-25-e924272){ref-type="fig"} is a SEM image of ZrO~2~-coated specimens after 10 minutes of anodic oxidation, and [Figure 1C](#f1-anntransplant-25-e924272){ref-type="fig"} shows the structure of ZrO~2~-coated substrate surface after 60 minutes of anodic oxidation. As shown in [Figure 1](#f1-anntransplant-25-e924272){ref-type="fig"}, with anodic oxidation for 10 minutes, the nanotubes began to form the ZrO~2~ nano-tube, with micro-cracks and micro-pores on the ZrO~2~-coated substrate surface. When the anodic oxidation duration was prolonged to 60 minutes ([Figure 1B](#f1-anntransplant-25-e924272){ref-type="fig"}), ZrO~2~ nanotubes clearly formed atop the ZrO~2~-coated substrate surface ([Figure 1C](#f1-anntransplant-25-e924272){ref-type="fig"}).

SEM images undergoing different anodizing voltages
--------------------------------------------------

[Figure 1](#f1-anntransplant-25-e924272){ref-type="fig"} shows SEM images of ZrO~2-~coated substrates exposed to different voltages. Irregular cavities are apparent on the surface of ZrO~2~ nanotubes undergoing 30 V anodization ([Figure 2A](#f2-anntransplant-25-e924272){ref-type="fig"}). When the ZrO~2~ was treated with 45 V of anodization, regular nanopore arrays with a diameter of 20 nm and a spacing of 100 nm formed on the surface of ZrO~2~, with smooth nanotube walls ([Figure 2B](#f2-anntransplant-25-e924272){ref-type="fig"}). Under the 45-V anodization, arrangement of the nanotube array was regular ([Figure 2B](#f2-anntransplant-25-e924272){ref-type="fig"}). When the voltage was enhanced to 60 V, the nanotubes similar to in structure to a honeycomb formed on the surface of ZrO~2~, with diameters of 80 to 120 nm ([Figure 2C](#f2-anntransplant-25-e924272){ref-type="fig"}). However, compared to anodization at 45 V, the arrangement of nanotubes was irregular and some tube walls were broken ([Figure 2C](#f2-anntransplant-25-e924272){ref-type="fig"}). Therefore, anodization at 45 V is considered to be the optimal voltage in this study.

Combining the different anodic oxidation duration and different anodizing voltages, the anodizing voltage of 45 V and anodic oxidation duration of 60 minutes are the optimal conditions for ZrO~2~ nano-tube formation, which were used in the following experiments.

TEM images for nanotubes and their crystal structure
----------------------------------------------------

TEM images of the nanotubes showed a tube length of about 2.01 μm ([Figure 3A](#f3-anntransplant-25-e924272){ref-type="fig"}). [Figure 3B](#f3-anntransplant-25-e924272){ref-type="fig"} shows TEM morphology of nanotubes before annealing, and there was no crystal diffraction pattern on the tube wall. The diameter of the nanotubes was about 51.06 nm, and thickness of the nanotube walls was about 13 to 14 nm ([Figure 3B](#f3-anntransplant-25-e924272){ref-type="fig"}). At the same time, the annealed nanotubes showed an obvious crystal diffraction pattern ([Figure 3C](#f3-anntransplant-25-e924272){ref-type="fig"}). Moreover, the TEM diffraction ring showed that the nanotube array had no obvious transistor structure before annealing ([Figure 3D](#f3-anntransplant-25-e924272){ref-type="fig"}); however, the nanotube arrays had good crystallinity after annealing ([Figure 3E](#f3-anntransplant-25-e924272){ref-type="fig"}).

XRD spectra undergoing different annealing temperatures
-------------------------------------------------------

XRD patterns for Zr-coated substrate and ZrO~2~ nanotube-coated substrates at different annealing temperatures (400, 600 and 800°C) were denoted inside the XRD graphs ([Figure 4](#f4-anntransplant-25-e924272){ref-type="fig"}). Both Zr-coated substrate ([Figure 4A](#f4-anntransplant-25-e924272){ref-type="fig"}) and ZrO~2~ nanotube-coated substrates ([Figure 4B](#f4-anntransplant-25-e924272){ref-type="fig"}) were amorphous prior to annealing. At the annealing temperature of 400°C, most diffraction peaks could be indexed as tetragonal-phase ([Figure 4C](#f4-anntransplant-25-e924272){ref-type="fig"}), in which the main-peak for the tetragonal zirconia appeared at the 2^−thera^=34°. At an annealing temperature of 600°C, intensity of peaks of both monoclinic phases and tetragonal phases were increased according to the more complete crystallization ([Figure 4D](#f4-anntransplant-25-e924272){ref-type="fig"}). At the annealing temperature of 800°C, plenty of ZrO~2~ Nano-tube arrays were of monoclinic phase and only a few ZrO~2~ nanotube arrays were of tetragonal phase ([Figure 4E](#f4-anntransplant-25-e924272){ref-type="fig"}). These results suggest that increased annealing temperatures result in enhanced intensity for monoclinic phase.

Photocatalytic properties of ZrO~2~ nanotubes
---------------------------------------------

In this study, photocatalytic properties of ZrO~2~ nanotubes were expressed by the decolorization rate of methyl orange solution. The results showed that the decolorization effect of annealed ZrO~2~ nanotubes was better than that of the annealed ones, and the photocatalytic performance was also improved ([Figure 5](#f5-anntransplant-25-e924272){ref-type="fig"}). At the same time, after annealing at 600°C, the decolorization effect of ZrO~2~ nanotubes on methyl orange was also better than that after annealing at 400°C and 800°C ([Figure 5](#f5-anntransplant-25-e924272){ref-type="fig"}), showing the best photocatalytic performance.

ZrO~2~ nanotubes demonstrated higher microshear bond strength
-------------------------------------------------------------

Microshear bond strengths in both the UNT-3d and the ZrNT-3d group were significantly higher compared to that in the UNT-aging and ZrNT-aging groups ([Figure 6](#f6-anntransplant-25-e924272){ref-type="fig"}, p\<0.05). Meanwhile, microshear bond strength was also higher significantly in the ZrO~2~ nanotube groups (ZrNT-3d and ZrNT-aging group) compared to that in the untreated Zr groups (UNT-3d and UNT-aging group) ([Figure 6](#f6-anntransplant-25-e924272){ref-type="fig"}, p\<0.05).

Discussion
==========

In recent years, ZrO~2~ has been extensively investigated for potential applications related to its good chemical and/or physical characteristics, such as higher biocompatibility, lower electrical conductivity, and higher mechanical and/or thermal-resistance \[[@b24-anntransplant-25-e924272]\]. ZrO~2~ materials mainly include nanotubes, nano-belts, nano-crystalline powder, thin films, nano-rods and nano-needles, all of which can be generated using various methods \[[@b21-anntransplant-25-e924272]\]. According to previous studies \[[@b25-anntransplant-25-e924272],[@b26-anntransplant-25-e924272]\], the ZrO~2~ nanotubes are synthesized by combining hydrothermal-treatment, template-assisted-deposition, and anodic-oxidation techniques.

In this study, synthesized ZrO~2~ nanotubes were annealed at different temperatures and different anodizing voltages in administration of argon gas were investigated. Morphology of the ZrO~2~ nanotubes undergoing the anodizing voltages of 30 V demonstrated irregular cavities and regular nano-pore arrays with a 20-nm diameter undergoing 45 V, with smooth nanotube walls. When voltage was enhanced to 60 V, nanotubes similar in structure to a honeycomb formed on the surface of ZrO~2~, with diameters of 80 to 120 nm. However, compared to the anodizing voltage of 45 V, the arrangement of nanotubes was irregular and some tube walls were broken. Therefore, an anodizing voltage of 45 V was appropriate and optimal for synthesis of ZrO~2~ nanotubes. An anodic oxidation duration of 60 minutes was the optimal condition for ZrO~2~ nano-tube formation. After annealing at 400°C, 600°C and 800°C, the diameter of nanotubes reached 51.06 nm and thickness nanotubes reached 13 to 14 nm. Annealed nanotubes showed obvious crystal diffraction pattern. Given these observations as well as previous reports \[[@b21-anntransplant-25-e924272],[@b27-anntransplant-25-e924272]\], it could be interpreted that ZrO~2~ nanotubes post-annealing at 400°C, 600°C and 800°C are gradually compacted and become more and more brittle based on the nature of ceramics.

Given the TEM diffraction ring, we observed that the ZrO~2~ nano-tube array had no obvious crystalline structure before annealing. However, the ZrO~2~ nano-tube arrays showed good crystallinity after annealing. ZrO~2~ nanotubes, with their amorphous structure, can be used for medical implants and as photocatalysts and catalysts \[[@b28-anntransplant-25-e924272]\]. To convert their amorphous structure into a crystalline structure, it is critical to subject them to heat treatment, which is also applied to eliminate remaining fluoride.

Generally, there are three phases for Zr: tetragonal, monoclinic, and cubic \[[@b29-anntransplant-25-e924272]\]. The tetragonal and monoclinic phases are achieved at temperatures lower than 1000°C, and cubic phase is achieved at temperatures higher than 1000°C \[[@b30-anntransplant-25-e924272]\]. In the current study, we only focused on only the tetragonal and monoclinic phases. The pre-prepared Zr nanotubes and the annealed ZrO~2~ nanotubes at different temperatures were illustrated as the XRD patterns. Both Zr-coated substrate and ZrO~2~ nanotube-coated substrate were amorphous prior to annealing. At an annealing temperature of 400°C, most diffraction peaks could be indexed as tetragonal phase. At an annealing temperature of 600°C, intensity of peaks of both monoclinic and tetragonal phases were increased according to the more complete crystallization. At an annealing temperature of 800°C, plenty of ZrO~2~ nano-tube arrays were of monoclinic phase and only a few ZrO~2~ nanotube arrays were of tetragonal phase. These results suggest that increased annealing temperatures result in enhanced intensity in the monoclinic phase. Actually, transitions from the amorphous structure to the crystalline structure generally could be identified by resemblance between amorphous structures and the tetragonal phase. The previous study reported that there is a similarity in short-range order between the amorphous structure and tetragonal phase. Therefore, transformation from amorphous to tetragonal phase, as well as changes of structure, may occur when annealing temperature reaches 400°C \[[@b30-anntransplant-25-e924272]\].

Photocatalytic properties of ZrO~2~ nanotubes for methyl orange degradation was also evaluated in this study. Under optimal reaction conditions, ZrO~2~ nanotubes with monoclinic phase illustrated a relatively higher methyl orange degradation rate compared to ZrO~2~ nanotubes with tetragonal phase. The higher photocatalytic activity of the ZrO~2~ nanotubes with monoclinic phase was attributed to the combined effects of several factors, including high crystallinity, small amounts of oxygen-deficient-zirconium oxide phase, high density for surface hydroxyl, and broad pore size distribution \[[@b31-anntransplant-25-e924272]\]. Moreover, we also proved that ZrO~2~ nanotubes demonstrated higher microshear bond strength, which is critical for their application.

Conclusions
===========

When voltage was enhanced to 60 V, regular hexagonal nanotubes were formed on surface of ZrO~2~, with diameters between 80 and 120 nm and smooth nanotube walls. The tube length of ZrO~2~ nanotubes was about 2.01 μm, with diameters of about 51.06 nm and thickness of 13 to 14 nm. Annealed ZrO~2~ nanotubes showed an obvious crystal diffraction pattern and ZrO~2~ nanotube arrays demonstrated good crystallinity afterannealing. Increased annealing temperatures resulted in enhanced intensity for the monoclinic phase (from 400°C to 800°C). After annealing at 600°C, the decolorization effect of ZrO~2~ nanotubes on methyl orange was better than that after annealing at 400°C and 800°C, indicating the best photocatalytic performance. In summary, zirconium nanotubes were successfully synthesized and demonstrated good structural characteristics. Results of the current study may lead to improved bonding strength and clinical life for zirconia prosthetics, provide a theoretical basis for biomimetic bonding, and would be of great significance to improve the aesthetic treatment effect of teeth and dentition defects.
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![Effects of voltage on the morphology of the ZrO~2~ Nano-tube arrays. (**A**) Voltage of 30 V. (**B**) Voltage of 45 V. (**C**) Voltage of 60 V.](anntransplant-25-e924272-g002){#f2-anntransplant-25-e924272}

![TEM images for nanotubes and their crystal structures. (**A**) General view for the ZrO~2~ nanotubes. (**B**) TEM showed the wall structure of nanotubes before annealing. (**C**) TEM illustrating the obvious crystal diffraction patterns on the tube wall post the annealing. (**D**) TEM showed the diffraction ring before annealing. (**E**) TEM of annealed diffracted rings illustrating better crystallinity of nanotubes.](anntransplant-25-e924272-g003){#f3-anntransplant-25-e924272}
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![Micro shear bond strength findings in ZrO~2~ nanotubes and untreated Zr groups.](anntransplant-25-e924272-g006){#f6-anntransplant-25-e924272}
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